This seminar deals with FTIR spectroscopy and its applications in science. At the beginning, I describe the vibrational spectrum of a diatomic molecule that can be used as the simplest model to begin understanding the complex vibrational motion performed by polyatomic molecules. In the following sections, I introduce the process of absorption and transmission of IR radiation by matter. By measuring the amount of radiation that a sample of matter absorbs (or transmits) at each different wavelength, one can extract spectral pattern that can be used to identify the measured sample. Instruments that measure absorbance or transmittance of mater are called spectrometers. In the central part of my seminar I describe the main components of FTIR spectrometer that became available for practical use as a result of the development of certain computational algorithms called Fast Fourier Transform. In the end, I demonstrate the applicability of the FTIR spectrometer by describing an experiment which explored the dynamics of a molecular decay triggered by X-ray photoabsorption.
Introduction
Fourier Transform Infrared Spectroscopy (short FT-IR) is one of the techniques that are used today for measuring the intensity of infrared radiation as a function of frequency or wavelength. Infrared radiation is invisible electromagnetic radiation just bellow the red colour of the visible electromagnetic spectrum, with wavelength range from 700 nm to 1 mm. Until 1800s it was not recognized as a distinct part of the electromagnetic spectrum. The discovery of IR radiation was made by Sir William Hershel in 1800 when he measured the heating effect of the sunlight by using mercury thermometers with blackened bulbs. Hershel wanted to know how much heat passed through the different coloured filters that he used to observe sunlight. He found out that the temperature increased from violet through red and that is why he decided to measure the temperature in the region just beyond the red filter, where no sunlight was visible. Later, at his surprise, he found out that this region had the highest temperature of all colours. This fact leads to the conclusion that the molecules inside this thermometer absorb IR light more than any other colour of the spectrum that he measured. The reason for that behaviour of the molecules inside the thermometer which was not known to Hershel at that time, will be explained in the following sections of this seminar.
[1]
2 General survey of molecular vibrations
Molecular degrees of freedom
Atoms within a molecule are constrained by molecular bonds to move together in a certain specified ways, called degrees of freedom that can be: electronic, translational, rotational and vibrational. In electronic motion, the electrons change energy levels or directions of spins. The translational motion is characterized by a shift of an entire molecule to a new position. The rotational motion is described as a rotation of the molecule around its center of mass. When the individual atoms within a molecule change their relative position then we say that the molecule vibrates.
If we have a nonlinear molecule consisting of N atoms, we need to specify 3N coordinates that correspond to their locations. Three of those can be used to specify the centre of mass of the molecule, leaving 3N-3 coordinates for the location of the atoms relative to the centre of mass. For determining the orientation of the molecule we need to specify three angles (if the molecule is linear, only two angles are sufficient), so leaving 3N-6 coordinates that, when varied, do not change the location of the centre of the mass nor the orientation of the molecule. These 3N-6 coordinates correspond to different vibrational degrees of freedom of the molecule that can range from the simple coupled motion of the two atoms of a diatomic molecule to the much more complex motion of each atom in a large polyfunctional molecule.
When a molecule is exposed to wide-spectrum radiation, some distinct parts of it are absorbed by the molecule. The absorbed wavelengths are the ones that match the transitions between the different energy levels of the corresponding degrees of freedom of that molecule.
The vibrational transitions are the most important transitions for IR spectroscopy because IR radiation is too low to affect the electrons within the individual atoms and too powerful for rotational and translational transitions.
[2], [3] 
Molecular potential
In the case of vibrational transitions, the absorption of the radiation by the molecule can be described in terms of a resonance condition. The specific oscillating frequency of the absorbed radiation matches the natural frequency of a particular normal mode of the molecular vibration.
The simplest model for describing the molecular vibrations is the one of a diatomic molecule where the bond of the two atoms is approximated by a weightless spring. The force needed to move the atoms by a certain distance x from an equilibrium position is proportional to the force constant k, which measures the strength of the bond. That is the Hooke's law :
According to the Newton's law the force is also proportional to the mass m and its acceleration, the second derivative of the distance x with respect to time t:
If we combine the two equations above, we get a second order differential equation:
with a solution:
that describes the motion of the atoms as a harmonic oscillation. In the equation above ν is the vibrational frequency and ϕ is the phase angle. In the case of diatomic molecule, the frequency of vibration is given with the equation:
where µ is the reduced mass of a diatomic molecule defined as:
, m 1 and m 2 are the masses of the individual atoms making up the molecule.
The potential energy of a molecule obeying the Hooke's law is obtained by integrating the equation (1),
The graph of this function is a parabola, it is referred to as a harmonic potential because the molecule performs a harmonic motion. According to classical mechanics, a harmonic oscillator may vibrate with any amplitude, which means that it can posses any amount of energy until it is confined in the potential well. Quantum mechanics shows that molecules can only exist in definite energy states. In the case of harmonic potentials the state's energies are equidistant:
where n is vibrational quantum number and it can have values n = 0,1,2...,h = h 2π where h is the Planck's constant and ω = 2πν is the vibrational frequency in units [ The harmonic potential which we have used as a model for describing the atomic motion in a molecule is only a small distance approximation for the real molecular potential. The real potential between atoms in a molecule is anharmonic i.e. the distance between energy levels decreases with increasing energy while the energy levels of the particle in the harmonic potential are equidistant.
One of the most useful, but still very approximate functions that matches the true molecular potential energy over a wider interatomic distance is the Morse potential ( Fig.1) :
where D e is the depth of the minimum of the curve, a = k 2hcDe The quantized energy levels for the Morse potential can be calculated from the Schrodinger equation of the molecule:
where x e is an anharmonicity constant. As we can see in the equation above, the second term becomes more important as n becomes larger which corresponds to convergence of energy levels at high excitations.
Infrared absorption spectrum
There must be a change in the dipole moment of the vibrating molecule in order for IR absorption to occur. For a diatomic molecule this means that the molecule must have a dipole moment. The dipole moment of uncharged diatomic molecule derives from the partial charges of the atoms which can be approximated by comparison of electronegativities of the atoms. Homonuclear diatomic molecules i.e. molecules build from a pair of identical atoms, such as: O 2 , H 2 , N 2 etc. have no dipole moment and therefore can't absorb IR radiation. Heteronuclear diatomic molecules, such as: CO, HCl, NO etc. have a permanent dipole moment. The change of the interatomic distance caused by vibration results in a change of the dipole moment of the molecule which enables the absorption of an IR photon. If the frequency of the IR photon matches the vibrating frequency of the molecule, then the photon will be absorbed, resulting in a change in the vibrational frequency of the molecule. Generally, molecules consist of multiple groups of atoms rather than just a two atom pair. Each of these groups of atoms has its own vibrational transitions and has influence on the energy of vibrational transitions of the other atomic groups that are part of the molecule.
[5], [6] The infrared spectrum of a sample is recorded with a spectrometer that examines the transmitted light of an infrared beam which is used to illuminate the sample. Each molecule in the sample absorbs photons of certain energies, characteristic for that molecule which are then revealed in the IR spectrum as a well-defined and reproducible absorption bands.
For a given frequency of IR radiation striking the sample, the absorption and transmission are connected through the Beer-Lambert's law :
where I is the intensity of the transmitted IR radiation, I 0 is the intensity of the incident IR radiation, A is absorption coefficient defined as: A = n * σ, where n is the number density of particles in the sample and σ is the cross-section for absorption at that particular wavelength and d is the thickness of the sample. [7] 3 FT-IR spectroscopy
From IR to FT-IR spectroscopy
Most of the components in present infrared spectrometers were already described during the nineteenth century. The field of infrared spectroscopy did not develop at that time due to difficulties in building suitable detectors for measuring IR radiation.
In the begining of the 20th century William W. Coblentz conducted measurements in the IR spectral region of the transitions between different vibrational states of molecules for hundreds of inorganic and organic compounds. The recognition of the high potential of IR spectroscopy and the advances in electronics during and after World War II led to establishing IR spectroscopy as a key analytical method in academic and industrial labs by the middle of the 20th century. Most IR instrumentation used through the 1970s was based on prism or grating monochromators.
A major breakthrough in IR spectroscopy was the introduction of FT-IR spectrometers which used an instrument called interferometer that was discovered almost a century ago by Albert Michelson. At the time of the construction of the Michelson interferometer (1891), Lord Rayleigh recognized that the output from an interferometer could be converted to a spectrum using a mathematical operation that was developed by the french mathematician Fourier in the 1820s. The combination of those discoveries led to the development of a whole new technology for measuring and calculating the IR spectrum which was used in FT-IR spectrometers. In spite of the advantages of FT-IR over dispersive instruments such as: high speed data collection, increased resolution, lower detection limits and greater energy throughput, the acceptance of FT-IR spectroscopy was slowed by the complexity of the calculation required to transform the measured data into a spectrum. With the discovery of the Fast Fourier Transform algorithm by James Cooley and John Tukey (1964), the time for spectrum calculation was reduced from hours to just a few seconds. The development of the first commercial FT-IR spectrometer in 1969 by Digilab enabled spectroscopists to see a spectrum plotted shortly after the interferogram was collected. Today there are large number of commercial FT-IR spectrometers on the market that are used for different applications of FT-IR spectroscopy, such as: quantitative analysis of complex mixtures in liquid, solid or gaseous state; determination of the quality of a sample; biological and biomedical spectroscopy etc. [7] , [3] 3.2 Measuring an IR spectrum using FT-IR spectrometer
Generation of an intereferogram
The essential piece of hardware in a FT-IR spectrometer is a modified Michelson interferometer which is shown in Figure 1 . It consists of two mutually perpendicular plane mirrors, one of which can move along the axis that is perpendicular to its plane. In the middle between the fixed and the movable mirror is a beam splitter, a device that ideally, allows 50% of light to pass through to the movable mirror while reflecting the other 50% to the fixed mirror. The beam that travels to the fixed mirror is reflected there and returns to the beam splitter again, after a total optical path length of 2L. The same happens to the beam that is transmitted by the beam splitter in the direction of the movable mirror. That mirror is moving very precisely back and forth by a distance x as it is shown in Figure 1 , so the total optical path length of the beam reflected from it is 2(L + x). When the two [8] beams return to the beam splitter they exhibit an optical retardation of 2x. Because of their spatial coherence they interfere. The result from the interference of the partial waves depends on their optical path difference. If for clarity, we consider only one component of the infrared source with wavelength λ then we can say that the partial waves interfere constructively when their optical retardation is a multiple of λ:
where m is a natural number n=0,1,2... The partial waves interfere destructively when:
After the recombination, the whole beam is then again partially transmitted and partially reflected by the beam splitter. The reflected beam is then passed through a sample compartment and focused on the detector. The detector measures the so called interferogram, shown in Figure 3 , which is the intensity of the detected infrared radiation over all wavelengths as a function of the optical path difference between the partial beams. In our case, instead of monochromatic source, we have an infrared light source that consists of different frequency components. Each individual component contributes to the interferogram a wave with frequency inversely proportional to its wavelength. For this type of measurements it is convenient to introduce a wavenumber ν [cm −1 ] that represents the number of full waves of a particular wavelength per cm of length. To compute the complete spectrum from (0 to ∞) 1/cm, the interferogram I(x) would have to be sampled at infinitesimaly small increments of retardation. That is, of course, impossible because an infinite number of data points must be collected and as a result, computer storage space would be exhausted. Even if we could collect such a large amount of data , the Fourier Transform would take forever to be computed, which is why interferograms must be sampled discretely and instead of continuous signal we have I(n∆x), where ∆x is the sample spacing. [10] , [2] , [15] When the interferogram is measured, it must be assured that the sampling intervals ∆x are of equal size. For that purpose, the interference pattern of the monochromatic light of a He-Ne laser measured simultaneously with the IR interferogram is used to control the change of the retardation. The interferogram measurement starts from the point at zero retardation, where the signal has its maximum intensity and is sampled precisely at the zero crossings of the laser interferogram as shown in Figure 3a and 3b. In that way the accuracy of the sample spacing ∆x is determined only by the precision of the laser wavelength. That is why FT-IR spectrometers have high precision wavenumber calibration known as the Connes advantage.
Another important feature is the sampling frequency. When a continuous function is sampled at a constant rate, there is always an unlimited number of other continuous functions that fit the same set of samples. The least amount of points that distinctively determine one function are given by the Nyquist criterion. The Nyquist Figure 3 criterion states that any waveform that is continuous function of time or distance can be sampled unambiguously with a sampling frequency or wavenumber greater than or equal to twice the function's bandwidth i.e. the range of frequencies which is the difference between the highest and the lowest frequency component.
[10] Figure 4 : Examples of spectra (on the left) and their corresponding interferograms (on the right) [10] Once the interferogram is measured, it is transformed into a spectrum with the use of the mathematical operation known as Fourier Transform (short FT) which decomposes the measured signal (interferogram) into the frequencies that make it up (examples are shown in Figure 4 ). For discrete measurements one uses the discrete version of FT, where the spectrum is calculated as a sum of sine and cosine functions:
Fourier Transform of the interferogram
where ∆x is the sample spacing. S(k∆ν) is the intensity of the the signal with wave number k∆ν. The spacing ∆ν in the spectrum is related to ∆x by ∆ν = 1 N ∆x where N is the number of measurements.
For computational reasons, instead of classical calculation of Discrete Fourier Transform (DFT) one uses the Fast Fourier Transform (FFT) algorithms (i.e. a particular method of performing a series of computations) that can compute the DFT more rapidly than the straightforward method. The speed of calculations can be expressed as number of calculations that lead to the final result. The fastest and most widely used algorithms in FT-IR spectroscopy are Cooley-Tukey algorithms, which reduce the number of calculations of N-point DFT from N 2 (the number of calculations needed when the DFT equation above is straightforwardly used) to N log 2 N . From examples in Figure 4 , we can make some general conclusions for some of the signal characteristics. On the third example of Figure 4 we can clearly see that the finite spectral line width is due to damping in the interferogram, stronger damping produces broader spectral lines. The second example of Figure 4 illustrates a spectrum of to two sharp lines separated by a wave number distance d. Due to the separation d in the spectrum, the interferogram on the right has repeating patterns with periodicity 1/d. For practical measurements this means that if we want to resolve two spectral lines separated by a distance d, the interferogram has to be measured up to an optical path length of at least 1/d. [10] , [2] , [8] 
Extracting the transmission spectrum
To obtain the transmission spectrum of the sample, shown in Figure 5C , one needs to measure the the sample spectrum and the so-called single channel reference spectrum R (ν). The single channel reference spectrum is the spectrum in which IR source and measuring system information is encoded. It is obtained by Fourier transform of the interferogram measured without the sample in the sample compartment.
The transmission spectrum, T (ν) is then calculated as the ratio: The result contains only the spectrum of the sample, while all information from the measuring system is removed. The absorption spectrum R(ν) can be obtained using the same measurements because absorption and transmission are connected with the relation: T (ν) + R(ν) = 1 for every ν.
It is important to emphasise that modern FT-IR spectrometers have integrated minicomputers which automatically execute all the measurements, corrections and calculations needed for obtaining the spectrum. Their speed and mobility contributes for the wide use of these spectrometers in industry and science.
Measurement of vibrational excitations of ionic fragments using FT-IR spectroscopy
In this section I will describe the use of the FT-IR spectrometer in an experiment, carried out by the Low and Medium Energy Physics group from J.Stefan Institute. I will try to give only a brief description of the experimental background that would help you understand why this spectrometer was an adequate instrument for conducting the measurements.
Short theoretical description of the experiment
One of the most important tasks of molecular physics is to study break-up process of isolated molecules upon electronic excitation of an atomic core level which is an atomic level that doesn't participate in a formation of a molecular bond. The experiment studied the dissociation process of CCl 4 (carbon tetrachloride) and CH 3 Cl (methyl chloride). The dissociation of those molecules was triggered by an absorption of X-ray radiation with energy in the interval form 200eV to 210 eV. The X-ray photon absorbtion causes an electron transition from the 2p core-level of a Cl atom to the σ * molecular orbital, which is an antibonding orbital. When an antibonding orbital is occupied by an electron the molecule is in an excited state. This excitation decays in a way that leads to a molecular dissociation which releases charged molecular fragments (shown in the figure bellow) that are in different vibrational and rotational states which are hoped to be observed by IR absorption spectroscopy. The main goal of this experiment was to investigate the level of vibrational excitation of the fragments that were released from the parent molecules by performing simultaneous measurements of IR and X-ray spectra of the samples.
[13]
Experimental setup
The molecular compounds used in this experiment:CCl 4 , CHCl 3 , CH 2 Cl 2 and CH 3 Cl were in a gas phase. The gas was confined in a cell with pressure of 5 · 10 −2 mbar. The density of the molecules was estimated to be about n = 1.2 · 10 15 cm −3 and the calculated reaction cross-section for one Cl atom was σ 2p ∼ 3M barn. The gas cell was placed inside an IR spectrometer which was used to measure the vibrational states of the fragments. In this experiment the Bruker optics TENSOR II FT-IR spectrometer was used (it is shown in the figure bellow).
[13] , [11] The gas cell was located in a region where the IR beam was collimated to a radius of (1-2)mm. At the other end of the sample compartment of the spectrometer was a MCT detector which measured the absorption spectrum of the IR radiation that passed through the gas cell. In one of the photos bellow, you can see the gas cell and the direction of incidence of IR and X-ray radiation. Figure 7 : Shematic description of the major components of Bruker Tesnor 27 FT-IR spectrometer, the red cicrcle marks the position of the gas cell [11] The spectrometer was first equipped with room temperature DTGS (Deuterated Tri-Glycine Sulfate) IR detector that has a maximum resolution of 1 cm −1 . For better sensitivity it was changed by liquid nitrogen cooled MCT (Mercury-Cadmium-Telluride) detector which is ∼10 times more sensitive than the previous one.
The source of IR radiation integrated in the spectrometer was in mid-IR range (4000 to 400) cm −1 . This spectrometer has an interferometer which incorporates dual retro-reflecting cube corner mirrors and a KBr beamsplitter for mid-IR radiation. The mirror design enables eliminating mirror tilt and mechanically prevents mirror shear, also it is resistant to vibration and thermal effects. The interferometer sample velocity was 20 kHz for the MCT detector. The sample spacing was 316 nm (for red He-Ne calibration laser) and the maximum optical path difference (OPD) was around 1 cm. Figure 8 : Photographies of the gas cell, positioned inside the sample compartment(from left to right: top view from an angle, view from the front covered with ZnSe window and view from the back that is covered with polished Si) [14] This FT-IR spectrometer is a single beam instrument which means that the background spectrum must also be measured, separately. Background measurements are very important because the IR beam passes through air which contains water vapour and CO 2 that are considerable absorbers of IR radiation and a major problem in this experiment. In order to partially eliminate the water vapour and CO 2 present in the atmosphere, the sample compartment of the spectrometer was partially closed and filled with N 2 gas.
[13] , [11] 
Experimental results
The expected ratio of the molecular ions and the parent molecules was 10 −4 . When the spectra, measured before and after X-ray absorption reaction were compared, no significant differences that indicate the presence of molecular ions or even their highly excited vibrational states were observed.
Figure 9: CH 2 Cl 2 spectra, measured at two different X-ray energies [13] The probability for fragment detection is limited with reaction cross section and beam path-length. In this experiment, the path-length of the two beams was the same order of magnitude, even though the cross section for IR absorption is about 100x smaller than the cross section for X-ray absorption. This means that the probability of IR absorption by the molecular fragments, which produces a signal in the IR spectrum, is 100x smaller than the probability to create fragments by absorption of synchrotron light because the absorption lengths for both types of radiation were approximately equal.
For successful detection of a signal produced by the molecular fragments one must increase the path-length difference of X-ray and IR beams, which in this experiment was too small. There are several ways in which this can be achieved. One of them is a use of a gas cell that is elongated in the direction of incidence of the IR beam. The magnetic field of a coil winded around the cell could be used to guide the molecular ions along the axis of the elongated cell which could significantly increase the number of IR absorption reactions. Multiple reflections of the beam from an adequately located mid-IR mirrors could also increase the probability for an IR absorption which can result in a detection of the different vibrational states of the molecular ions in the spectrum of the parent molecules.
Conslusion
The purpose of this seminar was to present FT-IR spectroscopy, demonstrate its applications and emphasise its potentials. FT-IR spectroscopy is very reliable and sensitive technique for identification of very broad range of samples. Even though its essentials were discovered almost 200 years ago, it became widely used only in the last 50 years. The main reason for its popularity is the existence and affordability of powerful computers and fast computational algorithms which also enabled the development of variety of applications for FT-IR spectroscopy in different areas of science and industry.
